SUMMARY 1. A polarographic method of measuring and continuously recording the concentration of oxygen in solution down to the order of 1O-9M has been described.
Inorganic pyrophosphatase has been found to be widely distributed in living organisms. It has been demonstrated in various organs and in tissue fluids (Kay, 1928; Lohmann, 1933; Roche, 1931; Minniti, 1939; Nagana & Menon, 1948; Gordon, 1950; Bloch-Frankenthal & Back, 1951) . Bauer (1937) , who showed it to be present in yeast, obtained it free from phosphomonoesterase. More successful attempts at its purification from yeast were made by Bailey & Webb (1944) and by Heppel & Hilmoe (1951) . Kunitz (1952) obtained it from the same source in crystalline form.
Pyrophosphate, the specific substrate of this enzyme, was found in baker's yeast (Lindahl & Lindberg, 1946) , insect tissue (Heller, Karpiak & Zurikowa, 1950) , and in moulds (Mann, 1944) . Kornberg (1950) reported recently on the production of pyrophosphate in the reversible synthesis of diphosphopyridine nucleotide from nicotinamide mononucleotide and adenosine triphosphate (ATP) in the presence of hog-liver or beer-yeast preparations. He also proposed a mechanism for pyrophosphate accumulation in tissues and fungi. The enzymic splitting of pyrophosphate from ATP has also been demonstrated (Hitchings & Fuller, 1939; Zeller, 1950; Heppel & Hilmoe, 1953) . Pyrophosphatases, so far described, are dependent upon the presence of magnesium for their ability to catalyse the hydrolysis of inorganic pyrophosphate according to the reaction: Na4P207 + H20 -2Na%HPO4, or HP2073-+ H20 -+ 2HP042-+ H+ (Bailey & Webb, 1944) .
In the absence of this activator no orthophosphate is formed. Lohmann (1933) found that the rate of hydrolysis of sodium pyrophosphate by muscle or liver extract in the presence of magnesium increases with the molar ratio of magnesium chloride to sodium pyrophosphate until an optimum is reached when this ratio is about 2 (see also Gilmour & Calaby, 1953) . Bailey & Webb (1944) arrived at the ratio 5 with their purified preparation at pH 7-2. According to Bauer (1937) the optimum ratio of magnesium to pyrophosphate depends both on pH and the concentration of sodium pyrophosphate in the digestion mixture, the ratio increasing considerably with the decrease in pH and also with the decrease in pyrophosphate concentration. Kunitz (1952) reports that the ratios of magnesium concentration to those of pyrophosphate where full activation was reached with crystalline pyrophosphatase were approximately 1 at pH 7-2 and over 100 at pH 5-3.
The high concentrations of magnesium required for optimum activation could hardly be explained in the light of accepted concepts, and some further investigation into the matter seemed desirable. The present paper, which forms part of a study on erythrocyte pyrophosphatase, reports experiments with a purified preparation from rat erythrocytes.
METHODS
Glass-distilled water was used in all experiments and in the preparation of the enzyme.
Preparation of pyropho8phatase eluate. The rats were anaesthetized with ether and bled. The blood collected from the abdominal artery and vein was defibrinated by stirring with a glass rod, and centrifuged. The erythocytes were washedtwice with saline and haemolysed by addingwater up to twice the volume of the original defibrinated blood. The haemolysate thus obtained was kept at 00 overnight and the precipitate centrifuged off. The supernatant was returned to the refrigerator and used as required within 10 days of its date of preparation.
For the preparation ofthe eluate 1 ml. ofhaemolysate was diluted with 2-5 ml. of water and shaken with 1.5 ml. calcium phosphate gel (prepared according to Kunitz, 1952) (Michaelis, 1931) was used to buffer the digestion mixtures throughout these experiments. The ingredients ofthis buffer slightly inhibit the erythrocyte pyrophosphatase according to Nagana (1950) , but since their concentrations remain constant throughout the whole pH range of the buffer, it was thought to be preferable to veronal buffer. In this latter buffer, veronal concentration varies with the pH, and its use might lead to false conclusions by attributing results caused by variations in inhibitor concentration to variations in pH and vice versa.
Substrate. Only freshly prepared solutions of sodium pyrophosphate (Na4P207, 10H20) C.P. (Baker's analysed) were used in all the experiments.
Magnesium chloride. A 10% stock solution of MgCl2, 6H20 (C.P.) was prepared and its concentration determined volumetrically according to Handy (Scott, 1939) . Dilutions were prepared as required from this stock solution.
Pyrophosphaase activity measurement. Standard digestion mixture for a total volume of 10 ml.: 6 ml. veronal/ acetate buffer; 0-6 ml. 1% Na4PO7, 10H20 (2.24 x 10-2M); 1 ml. approx. 1% MgCl3, 6H2O (5.13 x 10-2M); 0-5 ml.
pyrophosphatase eluate (2-5 times diluted immediately before use). The mixture was incubated at 370.
Estimations. The pH of digestion mixtures was determined in every case. All pH determinations were carried out with the glass electrode, using the Beckman pH Meter (model G).
Phosphate concentration was determined by the method of Fiske & Subbarow (1925) as modified by Lohmann & Jendrassik (1926) . The digestion mixtures were treated with an excess of trichloroacetic acid solution (5 vol. of a 7 %, w/v, solution), filtered if necessary, and samples taken for the phosphate determination. Colorimetric determinations were carried out in a Klett-Summerson Photoelectric Colorimeter, using number 66 red filter spectral range 640-700 m,u.
RESULTS
Magnesium chloride is involved in the enzymic hydrolysis of sodium pyrophosphate and is a precipitating agent for that salt. Precipitation begins when the molar ratio of MgCl2 to Na4P207 attains the value 1. At ratios lower than 1 a soluble complex salt is obtained containing the bivalent metal in the anion (Rosenheim & Triantaphyllides, 1915; Chebuliez & Bretagna, 1949) . The composition of the complex anion in solution corresponds to the formula (MgP207)2- (Chebuliez & Bretagna, 1949; Rogers & Reynolds, 1949) , but its salt has not been isolated. This complex anion has a limited stability even in solution, and some time after being formed (hours or minutes, depending upon concentration) at ordinary temperature-sooner at higher temperatures and immediately on boiling-it decomposes and precipitation occurs, the precipitate remaining insoluble even after cooling. The composition of the precipitate seems to vary with the precipitation conditions (Bassett, Bedwell & Hutchinson, 1936 (Greenwald, Redish & Kibrick, 1940) . In a study on the interaction between sodium triphosphate and MgCl2 it was found by the author that the pH of the solution decreased gradually as the MgCl2 concentration was raised (Frankenthal, 1944 (Fig. 1) . As may be seen from the curve in Fig. 1 MgCI2 concentration (10-3 M) The effect on the pH caused by the addition of MgCl2 to the pyrophosphate solution was taken into consideration when adjusting the pH for enzyme experiments. Although these experiments were carried out in the presence of buffer, every precaution was taken to adjust the reaction mixture to pH 7 before the addition of same.
Effect of MgCl2 concentration on the rate of enzymic hydroly8is of pyropho8phate
The experiment designed to study the effect of MgCl2 concentration on the rate of hydrolysis of pyrophosphate, catalysed by purified erythrocyte pyrophosphatase, was carried out with the same concentrations of MgCl2 and pyrophosphate as the previous one. Hydrochloric acid was added to the mixtures as required to adjust the pH to 7-7-2. Veronal/acetate buffer (Michaelis, 1931) ofpH 7 was also added. The same order of addition of ingredients was followed in all the enzymic experiments.
VoI. 57 89 L. BLOCH-FRANKENTHAL Pyrophosphate was always added immediately before the enzyme, which was put in last. This was done in order to avoid the ageing of the MgCl2/pyrophosphate mixtures before their coming into contact with the enzyme. The enzyme concentration amounted to 0-2 ml. eluate/10 ml. digestion mixture. The digestion mixtures were incubated at 370 and at given time intervals their phosphate content was determined (the pH was always determined at the beginning of incubation). The results obtained after 30 min. incubation are plotted against MgCl2 concentration in Fig. 2 The concentration of Na4P207 was 1-345 x 10-3M. The concentration of MgCl2 chosen in these and in all further experiments in which optimum activation was desired was 5-13 x 10-3M. Under these conditions, where the Mg2+/P2074-ratio of 3-81 is reached, a nearly optimum activation is achieved (as may be seen from the horizontal part of the curve in Fig. 2 ) without any precipitation occurring for an hour at least (Table 1) . The results obtained with erythrocyte pyrophosphatase are in agreement with previous findings for pyrophosphatases from other sources (Bailey & Webb, 1944; Nagana & Menon, 1948; Gordon, 1950; Kunitz, 1952) and show that the enzymic hydrolysis of pyrophosphate is optimum at pH 7-1 and directly proportional to enzyme concentration.
Effect of initial 8ub8trate concentration on the hydrolysis of pyrophosphate An increase of Na4P207 concentration in the digestion mixture at pH 7, accelerated the rate of its enzymic hydrolysis as long as MgC12 was present in excess (see also Kunitz, 1952; Gilmour & Calaby, 1953) . When, however, MgCl2 was present in approxiimately equimnolar concentration or less in relation to pyrophosphate (Mg2+/P2074-1) the addition of more Na4P207 inhibited the reaction (Table 2 ) (see also Bauer, 1937; Bailey & Webb, 1944; Heppel & Hilmoe, 1951; Gilmour & Calaby, 1953; McElroy, Coulombre & Hays, 1951) . Heppel & Hilmoe (1951) attribute the inhibition caused by high concentrations of pyrophosphate to its binding magnesium ions and withholding them from the active centres of the enzyme.
In a second experiment, designed to study the effect of initial substrate concentration (also carried out at pH 7), the MgC1, concentration was varied together with that of pyrophosphate, in order to maintain a nearly optimum activation at the constant Mg2+/PS074-ratio 3-81. The results obtained show a gradual increase in the rate of Accordingly, high MgCl2 concentrations will further the forward reaction in the direction of complex (or substrate) formation, and the more magnesium there is in the reaction mixture, the more substrate there will be (as long as no precipitation occurs), and the higher the rate of hydrolysis (Fig. 2) .
It is evident from the above formulation that at constant Mg2+/P2074-ratio, the concentration ofthe complex ion will be directly proportional, and in the presence of a high excess of Mg2+ practically equal, to that of pyrophosphate concentration. The data obtained in the experiment on 'the effect of initial substrate concentration on the hydrolysis of pyrophosphate' in which a nearly optimum MgC12 concentration at a constant Mg2+/P2074-ratio was maintained-could thus be expected to fit the Michaelis-Menten (1913) (Bauer, 1937; Kunitz, 1952) . Thehigher Mg2+/P2074-ratio necessary in the case of high dilutions can be explained in the same way.
Since the pH depression resulting from the addition of MgCl2 to a Na4P207 solution is in a way a measure of complex formation, it is not surprising that the hydrolysis rate of this complex follows the same course as the pH depression when plotted against MgCl5 concentration. One would expect, however, that increasing the pyrophosphate concentration in the digestion mixture would also lead to an acceleration of the rate of hydrolysis by furthering the complex formation, just as increasing the MgCl2 concentration does. This is indeed the case in the presence of an excess of MgCl2 (Table 2 ). The inhibition caused by an increase of pyrophosphate concentration in the absence of an excess of MgCl2 can be explained on the assumption that pyrophosphate as such can combine with the enzyme, but that no hydrolysis results from this combination (Bauer, 1937 ). 
